INTRODUCTION
Very few reliable functions of the rate of development ot soil properties are available. The paucity of quantitative data is due primarily to the difficulty of establishing, with any degree of precision, the age of particular land surfaces. This difficulty, great as it is, is accompanied by others scarcely less important, including the magnitude, sequence, and significance of variations in climate, parent material, or biota which might have occurred since the initiation of soil formation. The Glacier Bay region in South-eastern Alaska although having its own peculiar limitations presents the opportunity of establishing the rate of change, over a short period, of many soil properties, with most of the above difficulties reduced to the minimum. This especially applies to those properties which relate directly to vegetation. At Glacier Bay a fairly detailed knowledge of the history of recent deglaciation has been established (Cooper, 1937; Field, 1947) , and along with Cooper's (1923 Cooper's ( , 1931 Cooper's ( , 1939 classic vegetation succession studies it affords an exceptionally good basis for this kind of investigation. In the present paper the rate of development of some of the characteristics of the forest floor, and changes in the mineral-soil properties of reaction (pH), organic carbon, total nitrogen, calcium carbonate, and bulk density of the fine earth are reported. These changes are related both to age of the surface and to the developing vegetation.
For purposes of general orientation, and because regional climate is an important ecological factor, available data for the nearest three meteorological stations to Glacier Bay, namely Gustavus, Cape Spencer and Haines, are briefly summarized below ( Fig. 1 and Table 1 ). Near Glacier Bay the Alaskan coast is dissected by several fiords trending north-south. Cape Spencer, on the outer coast, fully exposed to the Pacific Ocean, has a very wet maritime climate. Glacier Bay lies in the next fiord inland. The nearest station to Glacier Bay is that at the Civil Aeronautic Authority airport, at Gustavus. It is located near the mouth of the fiord on Icy Strait and probably gives a reliable summary of the climate of the lower bay. Here it is drier and less maritime than at Cape Spencer. Inside the innermost fiord, leading to Skagway, the Haines CAA station is decidedly the most continental of the three. The calculated 'potential evapo-transpiration' (after Thornthwaite, 1948 ) at all stations is very similar. The regional climate of Glacier Bay is probably somewhere intermediate between that at Haines and Gustavus CAA, and in terms of Thornthwaite's classification of 1948 , all the climates would be perhumid and mild microthermal. 0-4 0-1 2-4 4-6 7*3 9-5 11-3 11-4 10-2 7-1 3-4 1.1 Gustavus CAA -2-4 -2-1 0-9 4-1 8-0 11-2 12-8 12-2 9 9 6-0 1-3 -15 Haines CAA -4-7 -3-6 -0-1 4-1 941 12-9 14-1 13-3 10 1 5-3 -0-3 -3-8 BROAD
FEATURES OF THE ICE RECESSION AND VEGETATION SUCCESSION
The recession which followed the post-Pleistocene advance ('Little Ice Age') of Alaskan glaciers has been remarkably rapid in the Glacier Bay region. The rate and extent of deglaciation is summarized in Fig. 2 . The ice has receded as much as 60 miles (96 km.), and the old forest trim-line indicates that the vanished ice was as much as 2600 ft.
(792 m.) thick in places. A very detailed account of recession in the fiord tributary arm known as Muir Inlet is available (Field, 1947) . Here the record is good since the 1890's, when the naturalist-explorer John Muir built a cabin near the ice front. It is especially good since about 1913. The broad picture of the rate and extent of glacial recession at Glacier Bay as a whole has been provided by Cooper (1937) in an analysis of historical data in relation to his own ecological and paleo-ecological researches. He concluded that glacial retreat commenced approximately 150-200 years ago. More recent investigators have confird this conclusion but have fit tended to favour the older date (Field, 1947; Lawrence, 1953 , in Lawrence & Elson, 1953 . The general features of plant succession following deglaciation are well understood.
Cooper's studies commenced in 1916, and extended over three other expeditions (1921, 1929 and 1935 ~~~~~~~~~from Cooper (1931) :~~TETOVE
The process of development which is responsible for the present aspect is briefly as follows. The first arrivals are the mosses Rhacomitrium canescens Brid., and R. lanuginosum (Hedw.) Brid., Epilobium latifolium L. (broad-leaved willow herb), Equisetum variegatum Schleich. (variegated horsetail) and Dryas Drummondii Rich. The last is by far the most important because of its mat-forming habit. To some extent with these, and finally surpassing in importance all but Dryas, appear 3 species of prostrate willows, Salix arctica Pall. being most important. Next comes a group of shrubby willows, Salix Barclayi And., S. sitchensis Sans. and S. alexensis (And.) Coville. These usually begin life in depressed or prostrate form, later developing an erect habit, thus constituting the transition from pioneer to thicket stage. S. sitchensis and S. alexensis maintain themselves as important members of the latter community. Alder (Alnus tenuifolia Nutt.*) gradually asserts itself and becomes the most characteristic thicket dominant. Finally Sitka spruce (Picea sitchensis Carr.) supersedes the shrubs, at first forming a pure stand, and to this the two hemlocks, Tsuga heterophylla Sarg. and T. mertensiana Carr. gradually add themselves.
In the initial stages the vegetation is very sparse, but slowly it begins to fill in. The significant pioneer plants, as Cooper noted, all have very mobile disseminules. The early appearance of the colonizing vegetation, as shown in P1. 4, phot. 1, is due to the variability of the effective dissemmule factor and the variability of the soil parent material when laid down as fresh morainic debris. Almost any of the major species of the developmental sequence are physiologically able to become established early on the bare surfaces, but neither such a surface nor the distribution of disseminules is uniform. The resulting vegetation is consequently heterogeneous.
In the Muir Inlet region, small thickets of willow or alder, and isolated cottonwoods (Populus trichocarpa T. & G.), set amid intervening areas largely occupied by the Dryas mat give a variable, but pleasing, appearance after 15-20 years. Bare ground is still very frequent at this stage-indeed the cover is still far from complete. It is not until 35-40 years have passed that the alder cover is almost continuous and the vegetation takes on an appearance of homogeneity. Even then the ascending scattered cottonwoods overtop the alder, and before long the spruce, heralding the suppression and elimination of the shrub thickets, begins to follow suit. The classification of the changes making up this sequence into stages is largely a convenience which should not mask the continuity and interdigitation of the developmental processes. The stages are not entirely arbitrary, however, for the points marking the elimination of the prostrate pioneers and herbs with expansion of the alder is quite definite at any particular site. The point of elimination of the tall shrubs, such as alder, in the developing spruce forest is equally specific and final.
THE SOIL PROPERTIES AS FUNCTIONS OF AGE OF LAND SURFACE

Field observations
In the earliest stages of deglaciation the soils are merely disorganized accumulations of morainic debris whose significant properties show no regular variation with depth. With the deposition of the stranded glacial till in a stable position, climate and vegetation begin to modify the soils, and to impart to them especial characteristics. In this wet maritime climate leaching of soluble constituents and exchangeable metal cations soon modify the surface horizons. The processes appear to be greatly accelerated with the colonization of the new surfaces by plants, and especially after surface litter accumulations have covered the mineral soil. It was noteworthy in the field studies, for example, that the degree of * According to Hulten (1944) the common alder in the Glacier Bay area is Alnus crispa (Ait.) Pursh, subspecies sinuata (Regel). We shall adopt the Hulten nomenclature here. Wherever A. crispa is mentioned it will refer to this subspecies. lowering of mineral-soil pH, for surfaces of similar age and parent material, was largely dependent upon the type and age of vegetation.
Permanently frozen ground does not occur in this part of Alaska, but the freezing, thawing, wetting-drying effects upon the early bare, and partially bare, surfaces, tend to produce a stony pavement before the shrub vegetation is established and prominent. This stony pavement is more or less continuous except where patches of finer till, like those sampled in our investigation, occur. With the development of the alder thicket stage organic residues build up and rest upon the pavement. The litter cover appears to retard, and soon to inhibit further pavement development, but the pavement already formed has a marked effect upon the potentialities of the mineral soil and organic residues intermixing, and must greatly influence the rate and pattern of translocation of materials from the forest floor to the mineral soil.
The establishment of vegetation on the bare deglaciated areas initiates gradients in many soil properties. Those most obviously affected and observable in the field are organic matter, reaction, bulk density, colour. This differentiation continues until, in the oldest members of the sequence, some 5-8 in. (13-20 cm.) of organic residues have accumulated as the forest floor, and the colour of the mineral soil itself, and its bulk density, show considerable modification and variation with depth. The early variability of the mineral-soil properties, related to the irregular pattern of pioneer vegetation, seems to have largely disappeared by the time the spruce-hemlock forest has developed. However, a statistical study might have shown the greater uniformity of the older soils to be more apparent than real, for the forest floor very definitely continued to show large areal variations.
No textural differentiation of the fine earth attributable to the pedogenic processes was discernible in the field in any of the soils of the sequence. This is not unexpected, for studies elsewhere suggest that, at least for those few reliable chronosequences already studied the formation or illuviation of significant quantities of clay requires a much longer period of time than has been operative since the beginning of the current Glacier Bay deglaciation.
A field observation of pedological interest was the fact that in relatively recently deglaciated regions the surfaces devoid of vegetation, or only sparsely covered, had developed a marked vesicular structure in the upper I-in. (6-12 mm.). This vesicular layer although thin appeared as quite definite within 5-10 years of disappearance of the ice, and for parent materials of equivalent texture continued to develop and increase in thickness until vegetation cover became fairly complete. By the time the alder-willow forest floor residues began to accumulate the layer seems to have completely disappeared. The vesicular structure was identical in appearance with the little-understood vesicular layer so characteristic of many cold desert soils-more especially those of the Intermountain Region in the U.S.A. Although the vesicular structure was very frequent on the bare deglaciated surfaces it was obvious in the field that it did not form on very sandy parent materials. A series of samples were taken with the idea of demonstrating whether a change in bulk density of the fine earth (weight of fine earth per unit volume of soil in situ) accompanied the development of the vesicular layer, and they indicated, surprisingly, that at least with the degree of accuracy possible under the method of sampling, the bulk density of the vesicular layer did not differ significantly from that of the fine til of the initial surface. It seems very probable in the Glacier Bay region that the reorientation and grouping of discrete particles to produce the vesicular layer is related in some way, not only to texture but to the alternation of freezing and thawing. This might well be a mechanism elsewhere for the layer is particularly prominent in cold desert regions and apparently much less so, or absent, in hot deserts. The field investigations, during which the foregoing observations were made, were primarily designed to be the basis for the collection of samples for laboratory examination which would characterize, in more definite and quantitative terms the qualitative observations or less accurate measurements of the field. The laboratory analyses were also necessary for investigating properties like total nitrogen not measurable in the field. Therefore, a number of soil samples representative of differing time states of the developing ecosystem were taken. To avoid complexities introduced by the colonization lag in the north-west arm of the fiord, the samples were collected mostly along the eastern side of Glacier Bay. The inherent coarseness and stoniness of glacial till makes it a very difficult parent material upon which to base eco-pedological investigations of this type. As a result the general lines of investigation planned in advance, founded upon a statistical and area-basis approach, had to be abandoned, and a more elastic, more selective, method employed. Although the coarseness of the glacial till made the selection of sample sites both frustrating, and laborious, by general standards the till is apparently exceptionally fine. For example, Ahlmann (1952, personal communication) has indicated that the most striking features of the Alaskan glacial recessions are not only the extent and magnitude of deglaciation, but also the extraordinary fineness of the morainic till! The main difficulty in sample site selection was to find sufficiently fine till to permit taking density samples, at the same time keeping variability of the minor relief factors and parent material to a minimum, and in maintaining the desired uniform relationships between the site position and the immediate vegetation units. This latter was especially difficult and the conditions were only partly met. Too much weight should not be given therefore to the finer detail of the time functions. However, we are confident that these inherent difficulties do not mask the general trends and the main characteristics.
The mineral-soil samples were all taken from pits at sites selected for similarity of relief and parent material. As effective climate did not vary significantly, the differences between the soil samples could reasonably be attributed to the time states, and in the early stages to differences in the kinds of plants present. The zones sampled varied somewhat in depth, but only rarely were the soils sampled to more than 24 in. (61 cm.): on the younger surfaces the profiles were rarely sampled below 12 in. (30 cm.). The mineral-soil samples were taken from immediately below the location of the forest floor samples. Wherever possible samples for determining bulk density of the fine earth were taken. This was done by means of a cylinder of known volume (140 c.c. approximately). Stones and gravel were included in the bulk mineral samples along with the fine earth and were later separated in the laboratory. In the few subsoils where stoniness prevented effective density sampling, values were assumed on the basis of those determinations for other horizons of the profile and the field notes. The forest floors were sampled as a single stratum in the earlier stages of the succession, but as separate litter (L), fermentation (F) and humus (H) horizons, on the older forests. The living moss on the floors of the spruce forests was included in the L-layer. Although these separations were rather arbitrary, the analyses both for the Glacier Bay material, and that from the Herbert and Mendenhall recessional moraines (to be reported elsewhere), show that the forest floor sampling divisions were meaningful and consistent.
Laboratory analysis
The soil samples representative of the different profiles and their horizons were airdried and sieved through a 2 mm. screen. The relative amounts of the fine earth and > 2 mm. fraction were recorded, and moisture determinations made on the fine earth by oven-drying at 105? F. The forest floor materials were air-dried, weighed and ground to pass a 40-60 mesh sieve in a Wiley Mill.
Standard methods of analyses were employed to determine reaction (pH), calcium carbonate, nitrogen and organic carbon. Reaction was determined on the soil paste by the glass electrode, and calcium carbonate by Williams' (1948) modification of the manometric method. Total nitrogen was determined by a Kjeldhal method and organic carbon by the chromic acid oxidation method of Walkey and Black, both as described by Piper (1942) . The Walkey and Black percentages were converted to total carbon by use of separate factors (mineral soil x 1.29, and forest floor x 1.04), obtained by determining total carbon upon a number of samples by dry combustion techniques. The weight percentages of the above-mentioned constituents were all calculated on the oven-dry basis. For quantitative expression the weight percentages were converted to weight per unit volume of in situ soil, by using the percentage of fine earth, and the soil bulk density values.
Bulk densities of the fine earth material were determined from the separate samples taken by the field methods already described, and are expressed as weight of fine earth per unit volume of fine earth + pores. This value was derived by sieving the special field sample to separate the >2 mm. fraction, weighing the oven-dry fine earth, and subtracting the volume of > 2 mm. fraction (determined by a water displacement technique) from the total volume of the whole sample. As the special density samples were taken in positions which avoided coarse debris, the proportion of fine earth in them was somewhat greater than in the larger soil column of that sampled for general laboratory analyses. The bulk densities determined from the density samples had to be modified,* therefore, where data were to be expressed on the basis of a soil column of unit cross-section, as for example in g./sq.m./18 in. (46 cm.) profile.
THE RESULTS
The analytical results are presented largely in the form of graphs. The graphs, in their somewhat freely drawn and smoothed lines, illustrate the major effects and more general conclusions. In the authors' opinion the limitations imposed by both field and laboratory methods, the subjectivity of sampling necessitated by the inherent difficulties of the system studied, and the small number of samples, do not warrant the fitting of exact curves to the data, nor to more detailed considerations of any but the broader changes with time. The values from which the curves are drawn, however, are shown on the graphs and this permits alternative interpretations.
The data are most conveniently presented as they relate to (i) the early stages of the plant succession, and, (ii) the chronosequence as a whole.
* This modification was made as follows:
F.d,.dr Bulk density fine earth, general sample =F d fR .
Where, F=% fine earth (general sample), R=% >2 mm. fraction (general sample), dr= density >2 mm. fraction, d! =bulk density fine earth corrected for > 2 mm. fraction (special density sample).
(i) The early stages of the succession Along the eastern side of Glacier Bay the pioneer and thicket stages have persisted for approximately 80 years. The variable pattern of plant colonization during the earliest phases presented an opportunity for making some direct comparisons of the effect of different plant species upon the rate of change of soil properties. Sites were carefully selected where a particular kind of plant was sufficiently isolated from individuals of other species to reduce likelihood of interaction to slight, or even negligible proportions. Furthermore it was quite easy on terrain deglaciated 30 years or less to find areas which apparently have always been devoid of macroscopic vegetation. 
Soil reaction (pH)
The reaction of the soil parent material, the initial fine morainic debris, is quite high, pH 8-0-8-4. This is largely because the till contains, along with granitic, schistose and gneissic material, a considerable proportion of marble, indeed up to 7-10 % carbonates by analysis. The pH of surface soils falls rapidly with the onset of vegetation establishment. In Fig. 3 the reactions of all the surface (0-2 in.) (0-5 cm.) soils analysed, which relate to the purely pioneer and shrub stages of the succession are plotted as a function of estimated age of surface exposure (years since glacial recession). While the lowering of pH with time is very apparent from these data, it is also to be noted that, especially in the early stages, for different surfaces of any particular age there is a considerable range in reaction. These results become much more understandable and the variability is reduced if they are considered in relation to the incidence and age of the colonizing vegetation, and this arrangement is shown in Fig. 4 . In this figure the age of the Alnus, Populus and Salix is that determined by direct growth increment (ring) analysis* of the individual shrub under which the soil was sampled. The age of Dryas is indefinite, but the estimate is considered a reasonable approximation. A significant conclusion to be drawn from Fig. 4 is that the type of plant markedly affects the rate of change of pH of the mineral soil. The bare surfaces, that is the surfaces which have apparently always been devoid of macroscopic plants showed practically no reduction in pH over this 30-year period. This means that, in the absence of vegetation, the leaching effect per se is very slight. On the other hand all surfaces with vegetation, even though it be very sparse as with the Populus and Salix sites, show greater changes in reaction. Unfortunately, the data are not as complete as we would like except in the case of alder (Alnus crispa). This is largely because of the great difficulty of finding Salix or Populus older than about 20 years which by that time is not closely associated with the more rapidly spreading alder. The most striking feature of Fig. 4 is the evidence of the remarkable acidifying effect of the alder. Under alder the uppermost soil horizons are reduced from a pH of 80, or more, to pH50, within 35-50 years. This is certainly a remarkable effect. Its early stages are well illustrated by a sequence of samples taken from a 29-year-old surface near Goose Cove in a transect from the oldest (initial) member of an expanding alder thicket to the bare ground beyond the thicket-a distance of approximately 10 yards.
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Alder has an abundant leaf fall, and the shrub habit of growth and high sociability of the alder plants make them effective in trapping and holding some of the leaf fall of other species like Salix and Populus. In the early stages the litter under alder has a reaction of pH 5-6-6-1. No doubt atmospheric dust additions in the vicinity of large bare areas tend to reduce the acidity. At all events the decomposing alder litter tends to become more acid with time, and in the final stages of alder dominance reaction values of 4-2-4-6 are usual.
The leaching of calcium carbonate under the Alnus is very rapid as would be expected from the reaction time-curves. The values for calcium carbonate, however, appear to lag a little behind the pH values, which suggests that in the leaching process small 'loci' of calcium carbonate may not be completely dissolved by the descending acidic solutions, so that while the bulk of the fine earth may be slightly acid, relict loci of marble may be preserved. In any case under 18-year-old alder, growing on a surface whose age is estimated at 31 years, calcium carbonate has fallen from initial values of about 5 % to 0-3%. Adjacent areas of similar age devoid of macroscopic vegetation, contained some 3-8 % calcium carbonate in the equivalent surface horizon. In another region, bare of ice for approximately 20 years the percentage of CaCO3 in the fine earth had been reduced from original values of 7-9 % in the surface 2 in. to 6, 5 and 3-4 %, under Salix, Populus and Dryas respectively. Evidently other species have much less affect than alder on rate of leaching of CaCO3. Above-surface organic residues Alder extends in the early stages as rapidly expanding and dense isolated thickets which sooner or later increase in number and finally coalesce as a continuous alder thicket. These thickets are excellent traps for the annual litter fall, and above-surface accumulations of organic residues build up fairly rapidly. The rate of accumulation, expressed in terms of kg./sq.m. and plotted against age of alder plants is shown in Fig. 5 . Within 40-50 years 5-6 kg./sq.m. of above-surface organic residues have accumulated in a mantle which is approximately 6-7 cm. deep. The curve does not pass through zero because a period of several years must elapse after establishment before an alder bush accumulates litter. The curve is remarkably linear until at least 40 years of alder age, with an annual rate of accumulation of some 150 g. litter/sq.m. As pointed out already, this linear increase does not continue indefinitely since, by normal plant succession, spruce (Picea sitchensis) eliminates the alder.
Dryas mat amounts to 0-9-1-4 kg./sq.m. in 20 years. Neither Salix nor Populus show accumulations of this magnitude in the few situations we sampled. 
The carbon and nitrogen profiles
The accumulation of total nitrogen and organic carbon in the mineral soil and the litter residues under alder is summarized in Figs. 6 and 7. In both cases the rate of accumulation relative to age of alder is almost linear. There is, however, the suggestion of a decrease in rate of accumulation of both carbon and nitrogen in the mineral soil by 48 years; this suggestion is considerably stronger for the carbon and nitrogen of the forest floor. The total carbon and nitrogen accumulation can be interpreted as the sum of two linear functions to 40 years: while the mineral soil accumulates carbon and nitrogen from a very small but definite amount in the initial state (see later discussion), the forest floor does not begin to accumulate for several years after establishment of the alder. It is not a measure of the nitrogen and carbon in the ecosystem of course, but only that portion of it in the soil and forest floor-the living plants and animals are neglected. Nevertheless, the mean annual rate of net accumulation (gains less losses) to this part of the ecosystem (soil + forest floor) for 50 years, of 700 lb. organic carbon and 55 lb. nitrogen per acre is highly significant. After 40 years approximately 50-60% of the carbon and nitrogen was accumulated in the forest floor. The distribution of nitrogen with depth for representative profiles is shown later (Fig. 13) . The pattern of accumulation of organic carbon is very similar to that for nitrogen except for the different magnitude of the quantities. Both show initial build-up in the surface horizons followed by gradual extension downwards. The Dryas mat is very striking in the early stages of the Glacier Bay colonization, although the succession is destined to pass through the alder thicket stage to final sprucehemlock dominance irrespective of Dryas having been in the sequence. Nevertheless, the accumulation of nitrogen and carbon under and within the Dryas mat is of interest and some analyses are given in Table 2 . Unfortunately the age of the mat at any particular site cannot be reliably determined and we can only estimate the general age of the surface. For comparison the data from within an alder thicket adjacent to the Dryas sampling sites in the Hugh Miller area, and from a bare surface, approximately zero age, near the dead ice remnant behind Nunatak Nob, in Anchorage Cove, are included. It is to be noted that data for the Dryas mat refers to both the living Dryas plus any organic residues upon the mineral-soil surface. In the case of alder the surface litter was sampled and analysed and, except unavoidably, no living alder was included. It is obvious from the table that the accumulation of nitrogen in the Dryas-soil system is considerable when compared with the initial till, but alder is nevertheless a much more effective agent. Not only is there more litter under alder than the total Dryas mat, but its percentage nitrogen is twice as high. (ii) The complete chronosequence The vegetation developmental sequences from the most recently deglaciated regions to the terminal moraine pass through the stages already mentioned-bare surface, pioneer stage (Salix, Dryas, Epilobium, etc.) alder thicket, spruce-cottonwood-alder (transition stage), and spruce forest. As mentioned earlier, in studying the temporal changes in soil properties which accompany this sequence a number of difficulties occur.
One problem is the uncertainty of the absolute surface ages in the lower Bay. From 1880 onwards the rate of recession, and position of the ice front at various times has been very accurately recorded. But little direct evidence is available about the positions of the ice at particular times during the recession from the terminal moraine in the Bartlett Cove area to the 1880 position. Soil samples were taken along the eastern side of the lower Bay representative of the spruce-cottonwood-alder stage (Sandy Cove) and the spruce forest (Bear Track Cove and Bartlett Cove), but the exact ages of the surfaces are somewhat doubtful. We have considered that our oldest site, on the inner side of the terminal moraine at Bartlett Cove, has been a stable surface and ice-free for 182 years. This is in reasonable agreement with Cooper's estimate (167-217 years), but it is based more particularly upon tentative conclusions of Lawrence (personal communication) . The ages of the moraine surfaces at Bear Track Cove and Sandy Cove have been considered by Lawrence, after analysing all the evidence and a study of recent aerial photographs, as 122 and 95 years. Undoubtedly there are errors in these approximations, but they are not likely to be great. In any case the development of soil properties relative to the successional stage in the vegetation is the significant thing.
The variability of the pattern of vegetation distribution during the pre-alder thicket stage also causes problems when considering the sequence as a whole because, as we have demonstrated, it is reflected very clearly in soil variability. This variability has been resolved here when plotting the data for the overall chronosequence, by summing all the data available for a particular pre-alder thicket surface and deriving a mean value. While this resolution is expedient, and the only one which appeared reasonable, it is nevertheless probably only a rough approximation of what a statistical study, had it been possible, would have produced. Here again the error is not likely to be great enough to mask general trends of the type with which our paper is concerned. 
Bulk density of fine earth
In a medium like glacial till, determinations of bulk density are not only difficult but involve a large experimental error. It is likely that in the earliest stages there are some settling effects with consequent increases in bulk density. From the outset, however, freezing and thawing and even solifluction influences are significant on the bare surfaces, but their importance is reduced with the establishment of the alder-willow thickets. Over the chronosequence as a whole there appears to be a continual decrease in bulk density of the fine earth. This is more or less confined to the uppermost horizons where roots are heavily concentrated. The values for the surface horizon decrease from 1-4 g./c.c. in the early stages to 0-8 g./c.c. in the spruce-dominant stages. The general effects are shown in Figs. 8 and 9. They are rather similar to the decline in bulk density reported in the Shasta chronosequence in California (Dickson & Crocker, 1953) . Their close parallelism to the organic profile leaves little doubt of a genetic linkage between the two properties.
Reaction (pH)
The rapid decline in soil reaction ceases after the alder thicket stage. The spruce litter is no more acid than the late alder litter and there appears to be little further significant change in reaction of either mineral soil or forest floor during the period of spruce dominance investigated here except a slight downward extension of the acidity. These facts are well illustrated in Figs Organic carbon and nitrogen The organic carbon and nitrogen time functions for the sequence as a whole do not present such a regular picture as during the early successional stages. This is due partly to the difficulty experienced in the older sites in sampling at a standard situation relative to the previous and present vegetation units, and to the small number of samples. There are also a number of other investigational difficulties which make for variability including the fact that owing to the variable amount of > 2 mm. fraction in different profiles the amounts of fine earth are not strictly comparable. Always a source of variability, this factor becomes more important in the older soils sampled where the percentages of coarse REACTION (pH) There is an extension in depth of the organic carbon profile with time but even in the oldest profile of the sequence 60 % of the mineral-soil organic carbon resides in the uppermost 6 in. (15 cm.). The pattern of distribution of organic carbon with depth, and the downward extension as soil development proceeds, is shown in Fig. 13 .
Total nitrogen follows much the same accumulation pattern as organic carbon (Fig. 14) except that in the spruce-dominant forest there appears to be not only a reduction in the rate of accumulation but an actual decline in total amounts. This is more apparent in the forest floor (see p. 445) than the mineral soil. During the vigorous alder thicket stage nitrogen accumulates in the mineral-soil profile at the average rate* of 1.5 g./sq.m. per annum, and in the forest floor + mineral-soil system at about 4-9 g./sq.m. per annum. During the alder-spruce transition period there is very little increase in the wider system (mineral soil +floor), but the total nitrogen in the mineral soil appears to continue to increase slightly as translocation from the forest floor organic residues continues. However, the depth functions for nitrogen (Fig. 15) contrast very markedly for the older soils with those for organic carbon, suggest a major change in the pattern of nitrogen within the profile with the development of the spruce forest. In contrast to organic carbon there is a fall in the amounts of nitrogen in the upper parts of the profile during the early spruce dominance. This is very well reflected within the carbon-nitrogen ratios, a few of which are presented in Fig. 16 . While the ratios for both mineral soil and litter residues at the alder thicket stage are mostly in the range 13-15, with the decline of alder and the development of the spruce forest, the forest floor and uppermost horizon of the mineral soil have ratios of 30 or more.
* This average includes all analyses for surfaces where thicket stage exists irrespective of the actual cover.
The forest floor
As mentioned earlier a stony pavement is usually developed before the shrub vegetation is established and prominent. With the alder thicket stage organic residues build up, and rest upon this pavement, which must greatly influence the rate and pattern of translocation of materials from the forest floor to the mineral soil. The forest floor builds up rapidly under alder thicket, at a rate of about 85 g. dry matter/sq.m. per annum, and this rate is not greatly reduced with spruce dominance. The organic residues continue to increase throughout the sequence until the oldest sites sampled are some 5 in. thick (13 cm.), and weigh (oven dry) about 9-10 kg./sq.m. (Fig. 17) . One of the striking facts about the forest floor in the field was the large number of roots usually present in its lower part, and in the transition zone to the mineral soil. This was noteworthy from the well-developed alder thicket stage through to the early stages of the spruce forest which is as far as our study goes. The conclusion seems inescapable that the plants draw most of their nutrients from this region. This concentration of roots is not so surprising when one considers the depth functions for total nitrogen.
The reaction of the forest floor residues do not vary greatly from the alder thicket stage onwards. For the most part they fall between pH 4-0 and 4-6, and, where sampled separately, the most completely decomposed lower zone (H) is more acid than the fresh litter (L) and fermentation (F) zones.
Perhaps the most interesting data on the forest floors are those from the organic carbon and nitrogen determinations because they appear to indicate clearly the main reasons for the change in rates of nitrogen and carbon accumulation which followed the elimination of alder and the emergence of the spruce forest, and which were suggested by the mineral soil analyses. While carbon continues to increase at a reduced rate in the floor of the spruce forest (Fig. 12) there is a marked fall in absolute nitrogen level-that is, there is a period of negative accumulation, an actual net loss from the forest floor (Figs. 14, 15 ). The C/N ratios for the forest floor material increase from approximately 13 at the alder stage, to 33-36 for different parts of the spruce floors. The ratios in the upper litter horizons appear to be higher (35-36) than in the lower zones (33-34), but the difference is small and may not be significant.
DISCUSSION
Amongst the many features of the relationship between the development of vegetation and soil genesis in the Glacier Bay region none is more interesting than the rate of accumulation of nitrogen. The present study does not provide direct evidence for the mechanism of nitrogen fixation in the soil-vegetation portion of this ecosystem, but it fits properly, as an exploratory investigation, into a study of that problem being pursued as a long-term project by Professor D. B. Lawrence.
The mean annual net accumulation rate for nitrogen of 55 lb. per acre (62 kg./ha.) per annum during the alder thicket establishment is very impressive. Amongst the species other than alder and willow prominent during the early stages of plant succession on the deglaciated surfaces are Dryas spp. (especially D. drummondii Richards) and Shepherdia canadensis (L.) Nutt. The roots of both of these, like alder, have mycorrhizae which are believed capable of fixing nitrogen from the atmosphere (see Lawrence, 1953) . It is very evident in the field that Alnus, Dryas and Shepherdia are all capable of growing vigorously at the very low nitrogen levels of the initial glacial debris. The data for nitrogen accumulation under the Dryas mat (Table 2) indicates that the alder is more effective than Dryas.
A comparison of the nitrogen percentages in the very young till with older bare surfaces (up to 31 years) indicates an accretion of nitrogen in the surface horizons with age. That is, there appears to be evidence of a low level of nitrogen fixation or accumulation in the absence of macroscopic vegetation altogether. The relative high percentage of nitrogen immediately under the remnants of an algal crust, for example, is suggestive that these algae, or micro-organisms associated with them are capable of fixation. On the other hand, it might well be that this relatively low order of nitrogen fixation is purely a selective surface adsorption phenomena of the type suggested by Ingham (1950) . At all events it is clear that, during the initial stages, the rate of development of the soil nitrogen profile, like many other soil properties, for example reaction, depends upon the pattern of plant distribution. There is an areal pattern of soil profile formation which partially reflects the areal pattern of pioneer plant establishment. This is at first largely related to factors outside our system depending upon such things as the location and state of neighbouring ecosystems, the preadaptation of the disseminules, and the accidents of dispersal.
The decline in the rate of nitrogen accumulation following elimination of alder and dominance of spruce, and the subsequent net loss of nitrogen from the mineral soilforest floor subsystem suggested by the gross analysis for the mineral soil, is obviously a real effect. Although the values for carbon and nitrogen in the oldest soil seem lower than expected and one might suspect some variation inherent in the method of study, the evidence for loss of nitrogen is not affected however. When all the data are considered as a whole, taking into account composition of the forest floor, and especially the carbonnitrogen ratios and the way they vary both in .the floor, and with depth in the mineral soil, there can be little doubt that the developmental vegetation changes have influenced very directly both the pattern of nitrogen distribution, and the absolute amounts of nitrogen in the mineral soil and mineral soil-forest floor systems.
The rapid build-up of nitrogen throughout the alder thicket stage, and the sharp reduction in nitrogen in the floor and upper mineral soil of the young spruce forest following the elimination of alder, is very strong evidence for the fact that the mycorrhizal nodules on the roots of alder do have the capacity for nitrogen fixation. Following the elimination of the alder one can readily visualize the spruce forest developing at the expense of the nitrogen accumulated in earlier stages. Most of this nitrogen may well be retained within the wider vegetation-soil system, and little or none of it may be lost altogether. It is logical, too, in view of the root concentration in the forest floor and upper mineral soil that the reduction of nitrogen should occur first, and be greatest here. The loss of nitrogen from the mineral soil is not to be looked upon as a permanent trend, for further (developmental) changes in structure and composition of the forest do occur although the investigation of their nature and significance is beyond the scope of this inquiry.
SUMMARY
The development of certain soil properties in relation to the broader features of vegetation dynamics and as a function of time has been studied in the extensive recently deglaciated areas of the eastern shores of Glacier Bay, Alaska. The physical nature of glacial till makes it a difficult medium for studies of this type but it has been possible to demonstrate a number of interesting effects of plants on soil formation.
In the pioneer stages of succession, as the rate of change in soil properties is dependent upon the actual micro-pattern of plant colonization, the accidents and factors of dispersal and establishment are highly significant. The areal pattern of soil properties is very variable at this stage. The more or less continuous development of the alder thicket leads to greater uniformity. Under alder the reaction of uppermost horizons of the glacial till is reduced from pH 8-0 to less than pH 5-0 within 35-50 years. During the same period calcium carbonate in the fine earth is reduced from initial values of the order of 5% to negligible quantities. Under other species, the rate of change is much less, and on areas devoid of vegetation it is still slower. Within 40-50 years 5-6 kg./sq.m. of above-surface organic residues, 6-7 cm. deep, with pH 4-2-4-6 accumulate under Alnus. The 18 in. (45 cm.) deep mineral-soil profile and forest floor combined have accumulated almost 4-0 kg. of organic carbon and 0-3 kg. of nitrogen per sq.m. beneath 50-year-old alder.
The Dryas mat is also capable of accumulating considerable quantities of nitrogen, but Dryas is not nearly as effective as alder. Significant nitrogen accretions also occur in the absence of macroscopic vegetation.
The chronosequence as a whole covers the main phases in vegetation changes from the initial colonization of the bare surfaces to the establishment of the spruce (Picea sitchensis) dominated forest. The changes in the mineral-soil properties of bulk density of the fine earth, reaction, organic carbon, calcium carbonate and total nitrogen are traced, and related to broad vegetation change. The amount of forest floor material, its reaction, and its carbon and nitrogen contents were also determined. An absolute loss of nitrogen from the mineral soil-forest floor system is recorded with the elimination of alder and the emergence of the spruce forest. Carbon-nitrogen ratios for the upper mineral soil and forest floor increase from the order of 12-16 to more than 30 over this stage.
Organic carbon increases throughout the whole sequence. Soil reaction (pH) declines rapidly at first but apart from a downward extension of acidity does not change much after the alder thicket stage. The bulk density of the fine earth fraction of the surface horizons appears to fall throughout, but is more significant during the early stages.
